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Thermoresistive catalytic combustion sensors based on noble metals are very stable
stable and highly sensitive devices to monitor potentially explosive atmospheres. We
studied and proved the high stability of rhodium oxide-based sensors under working
conditions in dierent CH4/air mixtures (up to 3.5 vol.% methane) with the help of
operando X-ray based characterization techniques, DC resistance measurements and IR
thermography using a specially designed in situ cell. Operando X-ray diraction and
X-ray absorption spectroscopy showed that the active Rh species are in oxidized state
and their chemical state is preserved during the operation under realistic condition. The
resistance correlated with the surface temperature of the pellistor and is related to the
combustion of CH4, conrming the catalytic nature of the observed sensing process.
Only under harsh operation conditions such as oxygen-free atmosphere or enhanced
working current a reduction of the active Rh2O3 phase was observed. Finally, the eect
of the poisoning causing the lowered activity in the catalytic combustion of methane was
investigated. Whereas stable rhodium sulfate might form in sulfur poisoned pellistor,
silicon dioxide seems to additionally physically block the pores in the alumina ceramics
of the pellistor poisoned by hexamethyldisiloxane (HMDS).
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Wherever ammable gases occur such as in mines, at petrochemical plants or in lab-
oratories, there is an increased risk of explosion. The lower explosion limit (LEL) is the
concentration above which the combustion gas/air mixture is ignitable and, once ignited,
continues to burn self-sustainingly. The LEL of all known ammable gases lies in the range
of 0.5 to 15.0 vol.%, for example, the LEL for methane-air mixtures is 4.4 vol.%1. In order
to meet occupational health and safety requirements for preventive explosion protection, the
gas concentration in potentially hazardous environments must be continuously monitored,
by stationary or mobile gas detection devices. As soon as alarm thresholds are exceeded, an
alarm is activated, the respective area is evacuated and, if necessary, appropriate counter-
measures are taken to prevent the formation of an explosive atmosphere. Nowadays, precise
and robust catalytic and optical sensors are used, being able to reliably measure various
explosive gases with high sensitivity under demanding and dynamic environmental condi-
tions24. International standards regulate the performance requirements of gas detectors for
ammable gases, i.e., specify maximum permitted deviations of the indication during dened
tests for, e.g., long-term stability, poison resistance, linearity, cross sensitivities, air velocity,
orientation dependency, time of response, and changes of ambient temperature, pressure or
humidity, as well as mechanical robustness against vibration and drop tests5.
Catalytic combustion sensors have been successfully applied in personal and area mon-
itoring for the past decade due to their high reliability69. The heat produced by catalytic
combustion of the gas at the active element measurably increases the electric resistance of
a Pt-wire that acts as the measuring element. The electric resistance is proportional to the
concentration of the combustible gas. The advantage of this measurement principle is the
direct estimation of the energy content of all ammable gases and vapors, so that catalytic
sensors are used as broadband sensors for combustible gases like hydrogen or hydrocarbons
(ethane, propene, cyclohexane, methanol, acetone etc.) In contrast, optical sensors, which
measure the concentration of a known hydrocarbon in air by analyzing infrared absorption
spectra, only indirectly derive the extent of the explosion hazard. Since catalytic gas sensors
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are used as broadband sensors for explosive gases, a uniform sensitivity for dierent gases
such as other hydrocarbons is desirable, in contrast to other applications where a high selec-
tivity for catalyst is required. However, one has to consider that the deactivation processes
aect the sensitivity of the dierent compoundss to varying degree.
One of the most common catalytic combustion sensors are so-called pellistors (combi-
nation of words pellet and resistor), which were introduced in 196210 and since then
continuously developed (cf. refs.2,4,11,12). The general structure of such a sensor is depicted
in Figures 1 and S1. A thin platinum wire wound into a coil is welded to the gold-plated Ko-
var feet of a glass feedthrough; the platinum coil is embedded in a porous ceramic bead with
a diameter below 1 mm. An electric current through the coil heats the pellet to 450-550 ◦C.
The ceramic bead around the wire contains catalytically active metals like Pt, Pd or Rh and
their oxides which enable an ecient and long-term stable catalytic combustion of the gas.
For this purpose, the surface temperature needs to be above the activation temperature for
the catalytic reaction2,13,14. Oxygen for combustion stems from the ambient air, therefore,
depending of the type of gas, the minimum required oxygen concentration is 8 to 12 vol.%
to ensure excess of oxygen for correct operation. The full combustion of methane is highly
exothermic and thus leads to a strong temperature increase of the pellistor12 according to:





This increase in temperature causes an increase of the electrical resistance of the Pt metal
wire due to the thermoresistive eect.
A conventional catalytic combustion sensor consists of two pellistors: an active detector
and a compensator, which are interconnected via a Wheatstone bridge. The compensator is
either a catalytically inactive pellistor or an active but signicantly diusion-limited pellistor
that does convert no or very little combustible gas. It compensates for environmental eects
such as changes of the ambient temperature, humidity and ambient pressure15. In presence
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of combustible gas, the increase in resistance of the detector leads to an unbalancing of the
Wheatstone bridge circuit. A catalytic sensor usually works in the diusion limit mode: a
diusion barrier like a wire mesh limits the gas exchange rate into the interior of the sensor.
A diusion barrier does not only limit the gas exchange rate into the interior of the sensor
but also acts as ame arrestor: if an ignition occurs in the combustion chamber at the surface
of the hot pellistors, the ame is cooled down below the ignition temperature when passing
the ame arrestor so that the ame cannot penetrate through to the outside, so that the
sensor cannot become a source of ignition oneself. Within the measuring range of the sensor,
i.e., below the LEL, the combustion gas inside the combustion chamber is converted and
the conversion rate of the combustion gas is linear to the temperature increase16. Thus
the increase in resistance of the Wheatstone bridge is a direct measure for the present
concentration of target gas17.
Stable catalytic combustion of the ammable gases is the key for sensing. However, little
is known on the structure of the catalytic component in the pellistor, especially, because
hardly any in situ or operando studies have been reported yet. In general, the catalytic
processes exploited in the combustion gas sensing devices are similar to the ones used in
emission control applications1820. Despite the operation conditions and the role of the noble
metal constituent are slightly dierent, critical reaction parameters and the susceptibility to
certain poisons are similar. Among these parameters, the O2:CH4 feed ratio, the metal
loading, the particle size, the nature and the surface (e.g. surface area, porosity) of the
support and pre-treatment conditions are the most intensive studied parameters16,21,22. In
general, noble metal oxide catalysts show higher activity than the corresponding metallic
particles and PdO is found to be the most eective metal in the platinum-group-metals
(PGMs) for combustion2325. Similar to Pd and Pt catalysts also Rh-based catalysts in
their oxidized form are considered to be active22,23. In the same way, catalytic combustion
sensors under oxygen excess conditions, oxidized Rh in the form of Rh3+ is supposed to
be the active phase20. The CH4 oxidation mechanism on supported noble metal clusters,
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which was already in early times2628 traced to a Mars-van-Krevelen mechanism (oxidation
of the adsorbed educt on lattice oxygen, desorption of the product to the gas phase and the
oxidation of the catalyst from the gas oxygen), might be valid for the oxidized particles. A
Langmuir-Hinshelwood mechanism (oxidation of two adsorbed educts on the surface and the
desorption of the products) has been proposed for metal particles.
Like for PGMs-based catalysts, the deactivation is an important aspect also for pellistors
and has been traced back to the sintering or poisoning (a potential deactivation of the
catalyst due to blocking the active noble metals or the pores of the ceramic structure). The
catalytic activity is usually reduced by the presence of sulfur-containing compounds29. The
formation of the stable sulfate or/and sulte species on PdO/Al2O3 during the H2S and SO2
exposure was found to be a reason for the deactivation of the catalysts30. A similar eect
was observed on bi-metallic Pt-Pd particles31,32. Rhodium shows usually better resistance
to SO2 33 and H2S poisoning and can be reactivated by treatment in pure H2 or O2 at high
temperatures34,35. Formation of sulfonate and sulfate during the reforming at 800 ◦C has
been reported for metallic Rh/Al2O3 36.
Siloxanes are widely used in industrial environments, e.g. as release agents in the plastics
industry, for hydrophobing, as building materials and plastics (silicones), in personal care
products, in lubricants and oils for machines, and they are parts of landll and degester
gas37. Even low concentrations of siloxane (a few ppm) can completely deactivate the cat-
alytic sensor in a very short time. For the same poisoning eect, much higher concentrations
of sulphur are required. In addition, high-performance lters for sulfur compounds based on
copper and other metal oxides are available. Besides, where sulphur compounds are poten-
tially present, sulphur concentrations are usually monitored for toxicity, while the awareness
for the presence of siloxanes is low since it is not relevant for occupational safety. The deac-
tivation of siloxane impurities in methane containing gases has been much less studied3840.
During combustion siloxanes can convert into silicon oxide and deposit on the surface, and
thus block the pores of the support material or/and the active centers of the metal particles.
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The ecient removal of siloxane impurities by ltering the gas stream and the reactivation
of the catalysts are still topics of current research.
Although combustible gas sensors are widely used, their structure on the nanoscale, the
chemical state of the active phase during operation and the chemical oxidation mechanisms,
including the diusion process to the active sites of the pellistors still lack thorough inves-
tigations. Moreover, several questions which are important for the application concerning
the aging and the mechanisms of the poisoning of active pellistors resulting in decrease or
even complete loss of the gas sensitivity are not claried yet. The state of the active parti-
cles during the reaction is often dierent from states investigated in ex-situ studies41, which
underlines the importance of monitoring of the chemical state and of the structure of the
metallic species under realistic operando conditions of catalysts. The X-ray based spectro-
scopic methods combined with catalytic characterization methods like mass spectroscopy are
widely used nowadays23,24,42.
In the present study, we shed light on the changes of the chemical state of the active Rh
species and the crystalline structure of the pellistors dependent on the treatment history by
performing operando Rh L3- and K- X-ray absorption (XAS) and X-ray diraction (XRD)
studies and by combining the results with ndings from DC resistance measurements, IR
thermography and mass spectroscopy.
Experimental
Samples. The pellistor samples were manufactured by Dräger Safety AG & Co. KGaA
(Lübeck, Germany). The ones used in this study consist of a Pt wire of 25 µm thickness rolled
into a coil of 350 µm diameter surrounded by a porous 15 wt.% Rh-doped ceramic sphere with
γ-A2O3 as main component. The pellistors were prepared by dropping an aqueous suspension
of alumina and a rhodium precursor on the Pt coil, followed by drying applying a heating
current through the coil. The subsequent calcination treatment results in a temperature
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peak of 800 to 1000 ◦C for 1 to 2 seconds. Samples were treated dierently to simulate
the conditioning and poisoning by the H2S and hexamethyldisiloxane (HMDS) during sensor
operation. The pre-treatment conditions of the pellistors studied in this work are listed in
Table 1 together with the values of the residual CH4 sensitivity for both poisoned agents. The
operation current for this type of Rh-based pellistor in this study was 100 mA. All operando
measurements were realized without Wheatstone bridge circuit by directly monitoring the
changes in resistance of the active pellistor.
Operando cell. A specially designed operando measurement cell depicted in Figure 2
was constructed for the investigation of pellistors with X-ray absorption spectroscopic and
X-ray diraction methods. The cell with a size of 20x40x40 mm3 (32 ml internal volume) con-
tains two large X-ray transparent Kapton windows for the X-ray spectroscopic (both trans-
mission and uorescence) and scattering experiments. The windows can be exchanged by
an infrared transparent foil (Fluoroplastic FEP) for infrared thermographic measurements.
In addition, two electrical connectors allow to conduct the DC resistance measurements.
The connections for gas inlet and outlet at the cell allowed the precise exposure to varying
gas atmospheres controlled by the gas mixing system equipped with mass ow controllers
(Bronkhorst, Germany). The subsequent analysis of the product gas mixture was realized
with a mass spectrometer (ThermoStar, Pfeier Vacuum, Germany) and, additionally, with
a gas chromatograph (µGC-490, Agilent, Germany) for a quantitative evaluation. The gas
inlet and outlet were equipped with twilled Dutch weave (Haver&Boecker OHG, Germany)
to ensure the spread of the induced gases and to avoid any turbulence in the cell as pellistors
are very sensitive to the smallest disturbances in the gas ow. A total gas ow of 50 mL/min
was applied to ensure the steady exchange of the reactive gas mixture in the cell. Applying a
current of 5 to 110 mA and monitoring of the change in conductivity of the Pt wire during the
exposure of the Rh-based pellistors to dierent gas atmospheres were realized with the help
of a Keithley 2401 device, a combined current source and voltage measure device. Infrared
(IR) thermography was performed using a special high performance IR camera (ImageIR
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8300, InfraTec, Germany) to evaluate the surface temperature of the pellistors which can
be compared to temperatures calculated from the electrical resistance of the Pt wire. The
characteristic curves describing the surface temperature dependence on the applied current
in air and in reactive gas atmospheres were recorded a priori to the operando measurements
with selected pellistors.
X-ray absorption spectroscopy measurements. The structure of rhodium (oxida-
tion state, coordination number) and sulphur (in poisoned catalysts) during sensor operation
were examined utilizing X-ray absorption spectroscopy (XAS) at two dierent beamlines: at
the Rh L3 absorption edge (3.004 keV, DCM Si(111)) and at the S K absorption edge (2.472
keV, DCM Si(111)) in uorescence mode using 7 element Si(Li) solid state detector (SGX
Sensortech (MA) Ltd ) at the SULx beamline43, and at the Rh K absorption edge (23.22 keV,
DCM Si(311)) in the transmission mode at the CAT-ACT beamline44 at the Karlsruhe syn-
chrotron. The size of the beam was set to approx. 100x100 µm2 at the SULx beamline and to
750x750 µm2 at the CAT-ACT beamline. The ATHENA program of the IFEFFIT package
was used for normalization and background subtraction of the X-ray absorption near edge
structure (XANES) and extended X-ray absorption ne structure (EXAFS) data45. The
k3-weighted EXAFS data at the Rh K-edge were Fourier-transformed in the range from 2
to 9 Å−1 with the use of a Hanning window with a sill size of 1 Å−1. Structural parameters
(coordination numbers, bond distance) were extracted by tting the experimental data from
Rh metal and oxide references to the standard crystal structures using the ARTEMIS pro-
gram. For determining the structural parameters ttings were performed in R-space in the
range from 1 to 4 Å, the amplitude reduction factor (S20) and the Debye-Waller factor (σ
2)
were set to 0.67 and 0.003, respectively.
X-ray diraction measurements. To determine the crystal structure and to track
changes during the operation the pellistors were examined with XRD at 17 keV at the SULx
beamline in transmission mode using a CCD detector (Photonic science XDR-VHR 2). One
XRD measurement took about 10 min. The experimental 2Θ values were calibrated using
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the LaB6 reference and were converted to the inter-atomic spacing values (d, Å) according
to the Bragg's law. The particle size L of crystallites was determined from the full width at




∆2Θ · cos Θ
(2)
with K = 0.89, λ = 0.0723 nm - the wavelength of X-rays, Θ - the value of the Bragg angle
and ∆2Θ - the full width at half maximum of the selected reex.
Operando experiments. Two dierent operation conditions were applied during the
spectroscopic/scattering experiments. In the rst experiment, the conditions resembled stan-
dard operation conditions in air: the CH4 concentration was increased from 0.0 to 3.5 vol.%
while keeping the oxygen concentration at 21.0 vol.% with N2 as balance. Once the maximal
allowed CH4 concentration in air was reached, the applied current was set to 110 mA to
study the behavior of the sensor under harsh conditions. In the second experimental series
the concentration of oxygen was increased from 0.0 to 21.0 vol.% while keeping the CH4
concentration at 3.0 vol.% and the applied current at 100 mA with N2 as balance gas. With
these conditions we aimed at studying the re-oxidation behavior of reduced Rh in depen-
dence on the oxygen concentration. The concentration of CH4 never exceeded the LEL due
to safety reasons, nevertheless the experiments should only be conducted by experienced
persons and after carefully checking all safety aspects.
Results
IR thermography vs. DC resistance measurements. The IR thermography data were
recorded during the exposure of the fresh, conditioned and hexamethyldisiloxane (HMDS)
poisoned pellistors, rstly to air with applied current ranging from 5 to 110 mA to obtain the
characteristic correlation between the resistance of the pellistor and the surface temperature,
and afterwards, the sensors were exposed to the 0.0 to 3.5 vol.% CH4 in air gas mixtures
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at a constant current of 100 mA to investigate changes in the resistance and the surface
temperature during sensor operation.
Typical IR-thermography images of two fresh pellistors in air at 100 mA working current
are shown in Figure S2. From the IR-thermograms one can recognize that the heating of
the bead is inhomogeneous over the surface and is strongly inuenced by the distribution of
the ceramics over the Pt coil at each individual pellistor due to the change in heat transfer
through the ceramics. The temperature distribution was measured in the range from 300 to
425 ◦C across the whole (visible) surface of the bead. The highest temperature is detected
in the vicinity of the Pt wire in both samples due to the ecient heat transfer at lower
distance. For further analysis the temperature measured by infrared thermography on the
surface (denoted as "local surface temperature") has been estimated and then averaged over
the surface of the bead (denoted as "surface temperature"). Figure 3 shows the correlation
between the surface temperatures derived from IR thermography and the corresponding Pt
wire resistance from DC measurements when applying a current from 5 to 100 mA of all
pellistors which were studied in pure air. With increase of the current, both the resistance
of the Pt wire and the surface temperature of the heated ceramic increased amongst all
pellistors. The changes in the temperature in air are nearly linear with a slope of about
50 ◦C/Ω in the range from 100 to 400 ◦C (solid red line in Figure 3). The values of the
surface temperatures determined by thermography are close to the average temperatures of
the heating wire, which can be derived from the DC measurements using the well-known
temperature-conductivity relation of bare platinum Figure 3, top axis). There is a dierence
of about 40 ◦C at 100 mA applied working current (∆R = 9 Ω) due to the heat loss on the
surface of the pellistor to the environment by free convection and radiant heat transfer, e.g.
modeled by Kozlov46.
The IR thermography images of the conditioned pellistor and the distribution of the
temperature over the surface during operation with applied 100 mA working current in air,
2.0 vol.% CH4 in air and 5.0 vol.% CH4 in N2 are shown in Figure 4. When the catalytic
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reaction occurs at the active pellistor surface in the presence of CH4 and oxygen from the air,
the temperature at the surface increases. For instance, in an environment of 2.0 vol.% CH4 in
air the consistent increase of the surface temperature by about 180 ◦C compared to the in-air
operation is observed (Figure 4A and 4B). In the absence of oxygen in CH4 in N2 gas mixture
no exothermic oxidation reaction takes place and the surface has a temperature of only about
400 ◦C (Figure 4C). The temperature in CH4 in N2 gas mixture is lower than in pure air
because of the more eective cooling of methane with higher heat conductivity compared to
air. The temperature and the resistance of all studied pellistors (Figure 3, black symbols and
black solid line) changed almost linearly with CH4 concentration reaching a value of about
700 ◦C (∆R = 15 Ω, the dierence to the theoretically calculated temperature of Pt wire is
about 85 ◦C) at 3.5 vol.% CH4 in air except for the HMDS poisoned pellistor (Figure 4, blue
symbols). The changes in the temperature in the methane/oxygen containing atmospheres
are nearly linear with a slope of about 60 ◦C/Ω in the temperature range between 400 ◦C
and 700 ◦C (solid black line in Figure 3), slightly dierent from the behavior expected from
the in-air operation (dashed red line in Figure 3).
Figure 5 shows the changes in the electrical resistance and CO2 concentration in the
outlet as a function of the CH4 concentration in the inlet gas mixture. The exothermic
methane oxidation at the pellistor surface, proved by the corresponding increase of the CO2
concentration in the outlet of the operation cell, results in an increase of electrical resistance
of about 1.8 Ω / vol.% CH4, about 14% of the total volume of injected CH4 is catalytically
oxidized (assuming the CH4 : CO2 = 1 : 1 stoichiometric reaction ratio, see Eq.1). In case of
the HMDS poisoned pellistors, the temperature and the resistance value stayed practically
constant (average surface temperature at about 440 ◦C, ∆R = 0.5 Ω independent of the
presence of CH4 in the atmosphere). A negligible amount of CO2 is formed (about 1% of the
total volume of injected CH4), i.e., the catalyst is eectively poisoned by the HMDS leading
to essentially no electrical response.
Operando XRD and XAS: chemical state of Rh vs CH4 concentration. The
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XAS and XRD data were recorded during the exposure of fresh and conditioned pellistors
to the 0.0 to 3.0 vol.% CH4 in air with an applied current of 100 mA to investigate changes
of the chemical state and in the crystalline structure of the Rh particles during operation.
Harsh conditions (110 mA working current and oxygen-free atmosphere) were applied to the
fresh sensor to test the stability of the sensors in terms of the ability to regenerate.
Figure 6 shows the Rh L3- and K-XAS data of fresh and conditioned pellistors at dierent
operation conditions together with the reference data of metallic Rh and Rh2O3. The energy
position and the shape of the XAS spectra at both absorption edges measured on fresh and
conditioned pellistors in air with the applied current are close to the ones for the Rh2O3
reference, hinting to mainly Rh3+ as chemical state of the rhodium at this stage. However,
small dierences are seen in the shape of the XANES spectra of the fresh and conditioned
pellistors compared to the reference materials and between them hinting to the presence
of non-stoichiometric oxide species in the initial state and/or to the dierent Rh0/Rh3+
ratios in the sensors due to dierent pre-treatment. At the Rh K absorption edge the
intensity of the white line at 23.231 keV is about 10% lower and the shape of the post-
edge feature is altered (feature at 23.242 keV is slightly shifted to higher energies) in case
of the conditioned pellistor compared to the fresh one (Figures 6A, curves h). To evaluate
the amount of Rh and Rh2O3 in the ceramic bead all the XAS data at both Rh L3 and K
absorption edges were deconvoluted to the single components corresponding to the Rh0 and
Rh3+ contributions using the linear combination analysis (LCA) package of Athena45. The
results of this procedure are displayed in Figure S3. The samples at the 100 mA working
current in air showed the presence of Rh3+ species of about 80±2% (average between K and
L3 XAS) in fresh and 82±2% (50±2% from XAS L3) in conditioned pellistors. This ratio
and the spectral shape of the Rh XAS at both edges stay practically unchanged during the
operation at 100 mA with the increase of the CH4 concentration.
During the exposure to the CH4/air mixture with 100 mA and with 10% enhanced work-
ing current no signicant changes in the shape of the XAS spectra were observed (Figure 6,
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curve d). This conrms that the Rh3+ chemical state is preserved during normal and harsh
operation conditions and shows the high stability of the catalytic component. A signicant
reduction of Rh3+ to Rh metal only occurred in oxygen-free atmosphere (Figure 6, curves
e and f). In this case Rh is found in nearly 100% reduced state. The intensity ratio of the
characteristic features in the spectrum obtained at 5.0 vol.% CH4 in N2 is slightly dierent
from the metallic rhodium in both fresh and conditioned pellistors which may indicate that
the reduction of the Rh in oxygen-free atmosphere is not completed (about 5% oxidized
species remained according to the LCA analysis of L3-XAS data, Figure 8) and/or modied
crystalline structure of the nanometer-sized Rh particles compared to the bcc-Rh.
The Fourier transformed k3-weighted EXAFS spectra at the Rh K-edge data of fresh and
conditioned pellistors in air are shown in Figure 7 together with the data of the reference
materials. The Rh-O peak of Rh2O3 at 1.8 Å are clearly seen in the data of both the fresh
and the conditioned pellistors in all oxygen containing atmospheres, the appearance of the
Rh-Rh backscattering peak at 2.2 Å of metallic Rh is rst seen in oxygen-free operation
conditions (Figure 7, curve e). The lack of the long-range order in catalytically active Rh-
particles is observed in oxidized Rh pellistors, in reduced pellistors second and even third
coordination shells are found (Figure 7, curve e, peaks at 3.6 and 5.0 Å). Results of the
tting of the EXAFS data to the reference structures (Table S1) conrmed the existence
of Rh-O bonds in the oxidized species with the bond length close to the values of the bulk
material and slightly reduced coordination numbers in Rh-Rh coordination shells.
The XRD measurements (Figure 8) revealed that the support material is present in the
form of α-Al2O3 (well distinguished diraction peak of α-Al2O3 (102) at 3.47 Å and (213)
at 2.2 Å), in contrast to the initially expected γ-Al2O3. The presence of the α-form might
be explained by the high temperature treatment (approx. 800-1000 ◦C) that is reached
during the calcination reaction, causing the phase transition of the alumina. The narrow Pt
reection at d = 2.3 Å in the diractogram of the conditioned pellistor originates from the
Pt wire (fcc-Pt (111) diraction peak) inside the pellistor bead being hit by the beam. The
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initial state of Rh in the fresh and conditioned sensors at 100 mA in air is found to be Rh3+
in the structure close to the orthorhombic crystalline structure of Rh2O3 (broad features
close to the position of (114) and (020) diraction peaks of oxide at around 2.6Å). However,
a non-negligible and broad diraction peak at the metallic Rh (111) reection at 2.2 Å is also
visible in the diractogram of the conditioned pellistor in air at 100 mA operation current
(Figure 8, curve b) corroborating the earlier postulated nding of the possible presence of
reduced Rh in conditioned pellistor (Rh L3 XAS). This peak diminished readily in air/CH4
atmospheres during operation and could no longer be observed in 1.0 vol.% CH4 in air at
100 mA (Figure 8, curve c). During normal sensor operation in air containing dierent
CH4 concentrations no changes in the crystal structure of the oxide was observed, neither
in fresh nor in conditioned pellistors. No signicant reduction of the Rh2O3 to metallic Rh
was observed until the increase of the applied current to 110 mA and the removal of the
oxygen from the reactive gas mixture (Figure 8, curve h: reections at the positions of the
fcc crystal structure of Rh (111) and (200) at 2.2 Å and 1.8 Å).
Based on the Scherrer equation (Eq.2) using the Rh(111) reection the crystallite size
of the formed metallic Rh particles in the reduced pellistors was estimated to 64±2 Å. The
particle size of Rh2O3 species in the initial state could not be determined accurately due
to the strong overlapping of the several broad diraction peaks. Nevertheless, the extreme
broadening and low intensity of the oxide related XRD reections (together with the lack of
the long-range order, seen in Rh K EXAFS) hints to the presence of small oxidized species
in the case of both fresh and conditioned pellistors, possibly in form of dispersed layers or
shells on metallic cores.
Operando XAS and XRD: Chemical state vs. oxygen concentration. The XAS
(Figure 9) and XRD (Figure 10) data was recorded in a next step during the exposure of the
fresh pellistor, rst to reducing gas mixture (3.0 vol.% CH4 in N2, 100 mA) and then to 3.0
vol.%CH4 in N2 gas mixture with increasing concentration of oxygen at a constant current
of 100 mA to investigate the concentration of the oxygen required for the re-oxidation of the
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Rh particles and to explore the sensing behavior during such operation conditions. The fresh
pellistor which contained about 80% Rh3+ species was reduced in oxygen free atmosphere to
nearly 100% metallic state. The LCA analysis of the chemical state of the active Rh species
depending on the oxygen concentration in the reactive atmosphere showed that the metallic
Rh particles start to oxidize in the presence of at least 6.0 vol.% of oxygen and rapidly
approached to the values of the initial states at 10.0 vol.% of oxygen. Moreover, the increase
of the intensity of the reections of metallic Rh (marked with blue lines in Figure 10) and
decrease of the diraction peaks of the Rh oxide (marked with red lines in Figure 10) the
exposure to 2.0 vol.% of oxygen indicates further reduction of Rh and possible sintering of the
metallic particles under oxygen lean conditions. The analysis of the EXAFS data at the Rh
K-edge (Table S1) conrmed the formation of the Rh-Rh bonds close to bcc-Rh in reduced
pellistors and reoxidation of Rh in the atmospheres with the oxygen concentration above 6.0
vol.%. The XRD and XAS data revealed that the Rh preserved its reduced state and the fcc
crystalline structure in 3.0 vol.% CH4 atmospheres containing up to 6.0 vol.% O2 without
signicant formation of Rh2O3-like structures. Under these conditions the operation of the
pellistor was still possible as the CH4 combustion still took place causing the changes in the
resistance of the pellistor. However, the behavior was strongly changed, probably strongly
inuenced by the metallic character of the active Rh particles which changed the thermal
conductivity of the ceramic bead and its catalytic eciency, as the resistance rst increased
with the increase of the O2 concentration to ∆R = 14 Ω (the measured surface temperature
of about 600◦C) in 6.0 vol.% O2 and then decreased again to ∆R = 12 Ω (the measured
surface temperature of about 700 ◦C). The overall description of the pellistor response with
the oxygen concentration governed by the chemical state of the majority of Rh particles is
presented in Figure 11.
Ex situ XRD and XAS: eect of H2S and HMDS poisoning. Two dierently
poisoned samples were investigated. Both HMDS and H2S poisoned pellistors were measured
at Rh L3 absorption edge (Figure 6A) and with XRD (Figure 8) to examine the structural
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changes due to the dierent poisoning. Additionally, the HMDS poisoned pellistor was
measured at Rh K absorption edge (Figure 6B) to examine the location of the Si species.
Non-negligible dierences in the shape of the XANES spectrum of both poisoned pellistors
compared to the conditioned pellistors are seen which could hint to the modication of the
Rh-O bond by a non-metallic compound. At the Rh K absorption edge the intensity of the
white line at 23.231 keV is about 20% lower and the shape of the post-edge feature is altered
(the intensity of the feature at 23.242 keV is slightly reduced) in case of the HMDS poisoned
pellistor compared to the conditioned one (Figures 6B, curves g). The intensity of the white
line at the Rh L3-edge is signicantly decreased and additionally shifted to lower energies in
case of both poisoned pellistors (Figures 6A, curves g and g*).
The LCA of the ex situ Rh K and L3 XAS data of the HMDS poisoned pellistor corrobo-
rate the higher metal content compared to the conditioned pellistor with the Rh3+/Rh0 ratio
of 67 : 33 (the ratio in conditioned pellistor is 82 : 12). The Fourier-transformed EXAFS
Rh K data recorded on HMDS poisoned pellistor is shown in Figure 7. The intensity of the
Rh-O peak at 1.8 Å is reduced and an additional peak at 2.2 Å appeared compared to the
conditioned pellistor, conrming the changes in the chemical bond of rhodium due to the Si
presence. The position of this peak indicates the presence of the non-metallic element in the
vicinity of the oxygen ions dierent from the rhodium (peak corresponding to the Rh ion in
the second shell in the Rh2O3 is expected at the 2.8 Å, peak of the Rh in the rst shell in the
metallic rhodium - at 2.7 Å, see FT EXAFS data of reference material in Figure 7). In the
XRD pattern of the HMDS poisoned pellistor only weak reections which may correspond
to the Rh (111) reection can be recognized (Figure 8).
The LCA of the ex situ XAS Rh L3 data of the H2S poisoned pellistor revealed the lower
metal content compared to the conditioned pellistor with the Rh3+ / Rh0 ratio of 96 : 4. In
the XRD pattern of the H2S poisoned pellistor no reections corresponding to the Rh(111)
reection can be recognized (Figure 8), conrming the oxidation eect of H2S. The XAS S
K data recorded using this pellistor (not shown here ) indicate the presence of S6+ and S4+
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species, hinting to the formation of sulfates and sultes in poisoned pellistor, dierent from
the Al2(SO4)3 34,42,47.
Discussions
The active sites in the pellistors under normal operation conditions (100 mA working current
and excess of oxygen) in this study are oxidized Rh particles that catalyze the combustion
of methane. Similarly as reported for Pd-based methane oxidation catalysts, methane is
expected to adsorb on the Rh oxide entities whereby lattice oxygen can oxidize methane
in Mars-van-Krevelen mechanism as discussed above. The resulting vacancies are quickly
lled up by oxygen from the gas phase. The present study shows that the Rh-oxide particles
are very stable under reaction conditions, as they neither reduce nor form large particles in
agreement with XAS/XRD. While a conditioning of the pellistor in form of a long exposure
to a mixture of the reducing gases and air might lead to the partial reduction of Rh3+, such
reduced species are found to be quickly re-oxidized under normal operation conditions.
In air with the CH4 concentration between 1.0 and 3.0 vol.% (corresponding to 10 and
80% of LEL in Europe) and with relatively high Rh-loading, the electrical response of the
pellistor is thus stable and proportional to the CH4 concentration. Decit of oxygen in
the working atmosphere causes a non-linear response of the sensor governed by the metallic
character of the active Rh species. The electrical response is related to the total resistance of
the pellistor: it reects changes of the temperature of the ceramic bead and depends on the
thermal conductivity of the RhxOy/Al2O3 material. For the case of metallic Rh, the surface
temperature and the electrical resistance is linear dependent on the oxygen concentration
hinting to the direct reaction of the educts on the surface of Rh with the heat formation
corresponding to the concentration of the oxygen.
After normal operation (at temperatures about 500-600 ◦C) for several hours and con-
trolled exposed to the H2S gas the enhancement of Rh-O bond strength in the presence of
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sulfur might indicate the formation of the rhodium sulfate causing the chemical blocking of
the active oxygen leading to irreversible poisoning of the pellistors. The adsorption of the
H2S on O-Rh sites with following rhodium sulte and sulfate formation due to the reac-
tion with oxygen from the reactive gas mixture similar to the mechanism proposed for the
PdO/Al2O3 30 and Rh/Al2O3 33but without the formation of the aluminum sulfate might also
be applicable in this case of poisoning.
The pellistor poisoned in HMDS is very much deactivated. The reduction of the CH4
sensitivity is reected by a drastic reduction of the response signal, the CO2 formation and
surface temperature. A weakening of Rh-O bonds in the presence of SiO2 might indicate a
direct blocking of the active sites. Another possible explanation of the deactivation might
be the adsorption of the SiO2 in the pores of alumina and then in a physical way blocking
of the active rhodium species.
Conclusions
A novel in situ cell has been designed to study catalytic gas sensors (pellistors) under oper-
ating conditions. The in situ cell allows to apply both spectroscopic and scattering methods
and allowed to combine for the rst time operando X-ray based methods (XANES, EXAFS,
XRD) and IR thermography. Both the structure and the variations in the surface temper-
ature of an active element of miniature catalytic combustion sensors was monitored under
working conditions while determining the sensor performance using the resistivity. Hence,
changes in resistivity were successfully compared to the surface temperature of the pellistor
measured by IR thermography and to the crystalline structure and the chemical state of the
active Rh species. The resistance correlated with the surface temperature of the pellistor and
related to the combustion of CH4, conrming the catalytic nature of the observed sensing
process.
XAS and XRD measurements of the freshly prepared and conditioned pellistors revealed
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that the active Rh species during sensor operation under normal operation conditions are
oxidized structurally close to Rh2O3 but more amorphous. The investigated samples showed
high stability of the chemical structure and reliable electrical response in gas atmospheres
below the LEL of CH4 in air. The active oxidized chemical state of Rh and the particle size
did not change until the oxygen concentration was below the stoichiometric mixture needed
for the combustion reaction. Only under harsh conditions (oxygen concentration below 6.0
vol.% and enhanced electrical current) rhodium was reduced. At such conditions the active
Rh0 species were observed and the sensing signal showed non-linear behavior as response to
the changes in CH4 concentration.
Poisoned sensors demonstrated lowered activity in the catalytic combustion of methane,
hinting to the blocking of active species due to modication of the Rh-O bond by SiO2 or S;
whereas stable rhodium sulfate might form in sulfur poisoned pellistors, SiO2 additionally
seems to physically block the pores in alumina in HMDS poisoned pellistors.
These results of the rst systematic and operando characterization study of the inuence
of the pretreatment condition of the sensor on the sensor performance give further insights
into the structure-function relationships of Rh nanoparticles and will help to optimize the
performance of the miniature catalytic combustion sensors in future.
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(A) (B) (C)1 mm 1 mm1 mm
Figure 1: Photographs of (A) a glass feedthrough with a platinum coil welded to its feet,
(B) a catalytically inactive, compensating pellistor, and (C) a catalytically active, detecting
pellistor.
Figure 2: Operando cell suitable for XRD, XAS and IR measurements with simultaneous
read-out of electrical properties. The cell is equipped with IR and X-ray permeable windows,
gas inlet and outlet with a twilled dutch weave for an optimal diusion of the incoming gas.
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Figure 3: Average surface temperature - resistance correlation in air during heating of a fresh
(triangle), a conditioned (circles), and an HMDS poisoned (squares) pellistor by applying
5 to 100 mA current (red symbols), and under CH4 containing atmospheres at a working
current of 100 mA (black and blue symbols). Lines as guides for the eye.
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Figure 4: Thermograms of a conditioned pellistor at 100 mA operation current in CH4
containing atmospheres (air (A), in 2.0 vol.%CH4 in /air (B) and in 5.0 vol.%CH4 in N2 (C))
and distribution of the local surface temperature over the pellistor at dierent conditions.
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Figure 5: Correlation between (A) the electrical response, (B) concentration of the CO2
(product of the partial methane oxidation) and the CH4 concentration in the air atmosphere
of the fresh (triangle), conditioned (circle), and HMDS poisoned (square) pellistors at 100
mA working current. The CO2 and CH4 concentrations were measured with µGC.
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(A) (B)
Figure 6: Operando XAS at the Rh L3- (A) and K-edges (B) of a fresh and a conditioned
pellistor in dierent CH4/air atmospheres at dierent working currents: (a) air/100mA,
(b) 1.0% CH4/air/100mA, (c) 3.5% CH4/air/100mA, (d) 3.5% CH4/air/110mA, (e) 5.0%
CH4/N2/100mA, (f) 5.0% CH4/N2/110mA, (h) air/0mA. The poisoned pellistors were mea-
sured ex-situ (g, g*). Rh foil and Rh2O3 powder were used as references.
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Figure 7: Fourier transforms of k3-weighted EXAFS data of fresh, conditioned and HMDS
poisoned pellistors during operando XAS in dierent N2 or air/CH4 atmospheres and dierent
working current at the Rh K-edge: (g) N2/0mA, (h) air/0mA, (b) 1.0% CH4/air/100mA, (c)
3.5%CH4/air/100mA, (e) 5.0% CH4/N2/100mA. The HMDS poisoned pellistor is measured



























Figure 8: Operando XRD patterns of fresh and conditioned pellistors in dierent
CH4/air atmospheres at dierent working current: (a) air/0mA, (b) air/100mA, (c) 1.0%
CH4/air/100mA, (d) 2.0% CH4/air/100mA, (e) α-Al2O3 (102) reection at 3.48 Å. The XRD
of HMDS and H2S poisoned pellistors were measured ex situ.
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(A) (B)
Figure 9: Operando XAS at the Rh L3-edge (A) and K-edge (B) of a fresh pellistor at
100 mA working current in air (21.0 vol.% O2) (a) and in 3.0 vol.% CH4 with dierent O2
content: (b) 0.0 vol.%, (c) 2.0 vol.%, (g) 3.0 vol.%, (d) 6.0 vol.%, (e) 10.0 vol.%. Rh foil and
Rh2O3 powder were used as references.
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Figure 10: Operando XRD of a fresh pellistor measured at 100 mA working current in air
(21.0 vol.% O2) (a) and in 3.0 vol.% CH4 with dierent O2 content (using N2 as balance):
(b) 0.0 vol.% (c) 2.0 vol.%, (f) 5.0 vol.%, (e) 10.0 vol.% . The positions of the reections of







Figure 11: Inuence of the chemical state of the Rh species on the electrical response and the
surface temperature of the ceramic bead during the operation in 3.0 vol.% CH4 atmosphere
with dierent oxygen concentrations. The applied current is 100 mA for all the operation
conditions.
Table 1: Pre-treatment conditions of the investigated samples.
Sensor Pre-treatment
fresh approx. 12 h of operation (exposure to air) at 100 mA
conditioned fresh sensor samples, additionally treated with approx. 4 h exposure to 50%
LEL (EU) of 2.2 vol.% CH4, 0.85 vol.% C3H8 and 2.0 vol.% H2 in air
HMDS
poisoned
conditioned and treated with 10 ppm hexamethyldisiloxane (HMDS) for 8
h, about 10% residual CH4-sensitivity
H2S
poisoned




The following les are available free of charge:
Working principle and a built-up of a thermoresistive gas sensor; IR-thermograms of
two fresh pellistors at 100 mA operation current in air; Results of the linear combination
analysis (LCA) of Rh K XANES spectra; Results of the EXAFS analysis at Rh K-edge of
fresh, conditioned and HMDS poisoned pellistors.
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